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Lipids and acid hydrolases have been characterized in 
a subcellular fraction, enriched with lamellar granules 
(LG), derived from fetal rat epidermis. This fraction 
contains 23% glycosyl ceramides and ceramides, 15% 
free sterols, and 34% phospholipids. The lipid/protein 
ratio is 2.0. The sterols and sphingolipids were present 
in proportions similar to those previously reported in 
stratum corneum. These findings provide direct bio-
chemical evidence for the widely accepted hypothesis 
that stratum corneum lipids are derived from exocytosis 
of lamellar granules into the intercellular space. The LG 
fraction was enriched in certain acid hydrolases includ-
ing glucosidase, acid phosphatase, phospholipases A, and 
sphingomyelinase; other acid hydrolases, i.e., amino-
glycosidases, glactosidase and aryl sulfatase (pH 5.5), 
and steroid sulfatase were not preferentially localized 
in this fraction. By modulation of phospholipids, glyco-
lipids, and proteins in the membrane regions of stratum 
corneum, the acid hydrolases of LG may play a role 
relevant to the function and desquamation of stratum 
corneum. 
It has been inferred from considerable biochemical and cy-
tochemical evidence that t he lipids of stratum corneum largely 
reside in the in tercellular and membrane regions of t his layer 
(1,2 ]. Their presence is attributed in large measure to t he 
extruded content of lamellar granu les (LG) and is presumed to 
reflect the fusion of the individual lipid-rich lamellae into broad 
s heets [1-3]. The lipids of stratum corneum are characteristic 
of t hat tissue and differ s ignificantly from the lipids of basal 
ce lls and spinous layer cells in their high con tent of sphingo-
lipids and stero ls and their low to absent content of phospho-
lipids (3,4]. This general pattern has been demonstrated for 
rodent, pig, and human epidermis [5]. 
Although it is postulated that t he intercellular lipids of 
stratum corneum originate in LG , t here have been no direct 
chemical examinations ofLG lipids. Histochemical studies have 
s uggested t hey conta in sterols, phospholipids, and glycolipids 
(6-8]. More direct examination has been impossible because 
LG have not been isolated. Furthermore, LG have been classi-
fied as lysosomes on t he basis of histochemically d emonstrated 
acid phosphatase (and possibly other acid hydro lases) [9]. Their 
extrusion into t he intracellular space appears to be linked to 
t he presence of acid phosphatase in this domain. Recent studies 
have suggested t hat other hydrolytic processes are ongoing in 
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t he intercellular space of stratum corneum, raising the possi-
bility that hydrolytic enzymes may originate in LG which can 
modify t he content of the intercellular space and contribute to 
desquamation and permeability characteristics of the stratum 
corneum (9- 11]. 
We have previously reported on a subcellular fraction en-
riched in LG, bearing acid phosphatase, isolated from fetal rat 
epidermis [12]. We have subsequently shown that this fract ion 
is enriched in glycosphingolipids and ceramides [13]. These 
lipids are believed to play a major role in forming the broa d 
intercellular lipid-containing sheets in stratum corneum and 
their contribution to the water barrier has been discussed 
[3,14,15] . The LG fraction was also enriched in acylglucosyl-
ceramide, a major component of epidermal glycosphingolipids 
that has been speculatively implicated in the formation of the 
stacked discs of LG [16,17]. A similar frac tion has been more 
recently isolated from newborn mouse skin and also is enriched 
in acid phosphatase and sphingolipids [18]. In the present 
report we present the first extensive quantification of t he acid 
hydrolases and the general lipid composition of LG. 
MATERIALS AND METHODS 
Tissue Fractions 
Skin was obta ined from feta l Sprague-Dawley rats at 20 days of 
gestation . Epidermis was separated afte r incubation of whole skin in 
0.1 M dithiothreitol in minimum essential medium for 30 min at 37°C. 
Homogenates of 1.0- 1.5 g epidermis in 0.25 M sucrose (100 mg/ml) 
were fractionated as previously described [12]. Briefly, a pellet was 
obtained after centrifugation of a 700 g supernatant at 17,000 g. We 
have previously shown t hat LG are sedimented at 17,000 g (17K) and 
cannot be demonstrated in significant quantities in sediments obtained 
from the 17K supernatant at greater centrifugal force [1 2]. The 17K 
pellet thus served as the starting fraction for subsequent purification 
of LG . The pellet was resuspended in 0.5 ml 0.25 M sucrose and 
fractionated on a continuous gradien t of metriza mide (analytical grade 
Nyegaa rd and Co, Oslo), 20- 50%. The 17K fraction and particulate 
fract ions from the gradient were washed with 0. 25 M sucrose and 
repelleted at 19,000 g for subsequent assays of enzyme activity and 
analysis of protein and lipid content. Morphology of the fractions was 
monitored by electron microscopy as previously desc ribed [12]. 
Lipid Content 
Total lipids were extracted by the Folch method [19] and further 
fractionated by t hin-layer chromatography (TLC) on s ilica gel 60 (E. 
Merck, Darmstadt) using two 2-dimensional systems as fo llows: 
System I: L ipids were quantitatively applied to prescored plates and 
developed in ethylacetate:benzene (1:1) in the first dimension followed 
by chloroform:methanol :acetic acid:water (104:40:14:6) in t he second 
dimension. This system resolved lysophosphoglycerides, sphingomye-
lin, phosphoglycerides, glycosphingolipids, ceram ides, and free sterols. 
Other neutral lipids were only partially resolved and not further iden-
tified. 
System II: Lipids were fractionated on prescored plates using chlo-
roform:methanol:acetic acid:water (104:40:14:6) in the first dimension. 
After rinsing with acetone, plates were developed in the second dimen-
sion with chloroform:methanol:water:40% methylamine (65:35:5:5). 
This system provided better discrimination of the individual phospho· 
lipids found in System I. 
Lipid spots were identified by cochromatography of authentic stand-
ards. Phosphol ipids, sphingomyelin , sterols, and ceram ides were ob-
ta ined from Sigma. Glucosylceramide and acylglucosylceramide derived 
from pi g epidermis were kindly supplied by Dr. P. W. Wertz. Lipids 
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we re also identified by t inctorial properties: chlorox-benzidine for 
~phingolipids, Bial's orcinol reagent fo r glycolipids, DragendorfCs re-
age nt for choline, molybdenum blue for phosphorus-containing lipids 
and ninhydrin for ni trogen-co ntain in g- lipids (reagents from Applied 
Science Co.) 
For quantitation, lipid spots, ident ified with iodine vapors, were 
sc raped from the plates. Tota l and individual lipids were quant itated 
by a modification of the method of Amenta [20] in which lipids are 
eluted from silica !(ei wi t h chloroform methanol (1:1) at 45"C and then 
reacted with dichromate- H.SO,. Standard curves with cholesterol, cer-
amides, cerebrosides, and phospholipids were run simu ltaneously since 
eac h class gives slight ly different results. Tota l lipid concentration was 
e~timated aga inst a standard a rbitra rily composed of 25% phospholipid, 
25% cholesterol, 10% cerebroside, 15% ce ram ide, and 25% triglyceride. 
The method was sensit ive over two convenient ranges, 10- 60 J.l-g and 
100- 300 J.L g, and reproducible with an error of less than 10%. Proteins 
were determined by t he method of Lowry et al [21] on samples digested 
in NaOH. 
Enzymes 
E nzymes were as~ayed in aliquots of subcellular fractions containing 
20- 200 J.l-g protein. For each enzyme, specific activity per mg protein 
was calculated from the units of activity. 
Acid hydrolases in subcellular fractions were assayed using pa ra ni-
trophenyl substrates (Sigma) in concentrations and at the pH shown 
in T able l. Assays were conducted as previously described in a system 
containi ng 0.0.5 % Triton-X 100, 0.05 M acetate buffer in a tota l volume 
of 0:5 ml for 30 min at 37"C [22,23]. Reaction products were determined 
spectrophoto metrically and expressed as arb it rary units of optical 
density. Appropriate substrate concent rat ions a nd linearity of the 
reactions were determined in prelimina ry experiments. 
Phospholipase A was assayed as previously described [24]using 1,2-
di([1 -14C ]oleoyl}phosphatidyl choline (PC) (Amersham Searle) as sub-
strate. Assays were conducted with 0.5 ILCi PC (0.34 mM) in a system 
containing 0.25 % taurodeoxycholate , 0.05 M acetate buffer, pH 4.6, in 
a volume of 0.5 ml for 45 min at 37"C. Activity of phospholipase A was 
calculated as % substrate hydrolyzed to lysop hosphatidyl cho line and 
fatty ac id. Sphingomyelinase was assayed by the method of Bowser 
and Gray [25] using [N- methyl-14 C]sphingomyelin (Amersham -Searle) 
1 IJ Ci, 0.34 mM in 0.25% Triton-X 100, 0.05 M acetate buffer, pH 4.8, 
in a volume of 0.5 ml for 1 h at 37•c. Resul ts were expressed as % 
water soluble radioactivity (largely [' 4C]phosphorylcholine) liberated 
from t he substrate. Steroid ~ul fatase was assayed by the method of 
Ruokonen a nd Oikarinen [26 ] using [7-"H]dehydroepiandrosterone 
sulfate (New England Nuclear). 500,000 dpm (sp act 25 I'Ci / mmol) 
were incubated with subcellular fractions in phosphate-buffered saline 
at pH 7.3 in a total vo lume of 0.7 ml for 2 h at 37•c. Free "H-labeled 
steroid was quant itatively extracted in ethylacetate:ethyl ether (1:9) 
and result.~ expressed as % of substrate hydrolyzed. 
RESULTS 
The lipid compos ition and enzyme activity were character-
ized in the 17K starting fraction and the 3 subcellular fraction s 
obtained from 17K. The 17K fraction conta ined LG, mitochon-
dria, cornified cell envelopes, vesicular structures, tonofila-
ments, a nd amorphous deb ris. The subsequent fractions in -
cluded a ve ry- low-de ns ity fractio n enrich ed in LG, a fraction 
TABLE: f. Assay of hydrolases 
En7.yme Substrat.e Cone. pH (mM) 
Acid phosp hata:e pNP phosphate 6 4.5 
Aryl sui fatase pNP sulfate K 5 5.5 
t• Glucosidase pN P 0 glucoside l 5.0 
n Galactos idase pNP 0 galac toside 2 5.0 
Glucosaminidase pNP N -acetylglucosa- 4 4.5 
mine 
Galactosamini- pNP N-acet.y lgalac to- 4 4.5 
dase sa mine 
Phospholipase A 1,2-di([ 1-' ''C]oleoyl)- 0.34 4.6 
phosphat.idylcholine 
Sphingomyelinase [N-met.hyl-' ''C] sphin - 0.34 4.8 
gomyelin 
Steroid sulfa tase [7 -"H]dehydroepian - 0.014 7.3 
droste rone sulfate 
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containing small well-preserved mitochondria contaminated by 
very few vesicles and a sm a ll amount of amorphous debris and 
denser fraction containing mitochondria, cornified cell enve-
lopes, and debris (fraction III) . 
Lipids 
Lipids of each fraction were isolated by TLC and identified 
as specified in the Materials and Methods. The lipids of the LG 
fraction are represented in Fig 1. Phospholipids, which were 
further resolved in TLC system II, included phosphatidylcho-
line, phosphatidy lserine, phosphatidylinositol, phosphatidy le-
thanolamine, sphingomyelin , and lysophosphatidylcholine plus 
several minor phospholipids that were not identified (e.g. , spot 
#5 in Fig 1) . 
Glycolipids in LG were present as 3 spots in the TLC system 
used; 2 had the mobility of glucosylce ramides and the least 
polar (spot #8) cochromatographed with acylglucosylceramide. 
Ceramides were present as 5 separate spots (9-13). We have 
previously reported resolution of 4 glucosylceramides and 6 
ceramides from LG lipids [13) using several different systems 
of TLC which provide greater discrimination of each type of 
sphingolipid. For purposes of this study we used 2-dimensional 
TLC to provide quantitation on a s ingle plate. Free sterols were 
present in spot #14. 
The content of lipid and protein of each fraction was quan-
titated (Table II) . LG had a higher lipid/ protein ratio t han t he 
other 2 fractions and the crude starting 17,000 g (17K) fraction . 
The lipid/ protein ratio o f 2.0 was consistent with its low 
buoyant de ns ity in metrizamide (0.8- 1.0) [12). Approximately 
45 % of t he lipid in the 17K pellet was recovered in the 3 
part iculate fra ction s and of this 14% was present in LG. 
Individual lipid components were quantitated in the various 
subcellula r fractions (Table III). The LG fraction most resem-
bled the 17K strating fraction and was rich in sphingolipids 
including sphingomyelin , glucosylcera mides, and ceramides 
which accounted for almost 33% of the total lipids in t his 
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TABLE II. Lipid conl.ent of subcellular fractions 
mg/g rng/rng Percent of Fraction (n)" Epidermis Protein total lipid 
±SO'' ±so• 
17K (6} L8ll ± .188 0.388 ± .020 100 
LG (6) 0. 260 ± .132 2.000 ± .664 14.3 
Mitochondria (2) 0.070 0.890 3.8 
Fr III (2) 0.490 0.460 27.0 
a n = Number of experiments, each uti lizing 1200 mg of fetal rat 
epidermis fo r separation of fractions into a 17,000 g particulate fraction 
(17K), subsequently subfractionaLed into lamellar granule \LG), mtto-
cho ndrial, and mixed mttochondnal, cell envelope (Fr III) fractiOns. 
b Lipids and proteins were asses ed in washed particulate fracttons 
obtained a· per text. 
TABLE Ill. Lipid composition of subcellular fractions 
Percent of tot.al lipid ± SO 
Lipid 
17 1< " LG Mit ochondria Fr Ill 
Phosphoglycerides" 26.5 ± 1.5 24.5 ± 1.3 60.8 ± 5. 1 10.4± 1.8 
Sphingomyelin 5.3 ± 0.2 9.4 ± 0.3 2.6 ± 1.0 
Glycosphingoli pids 28.8 ± 1.4 23.4 ± 1.0 16.3 ± 2.3 
a nd ceramides 
Sterols 14.5 ± 2.4 15.2 ± 2.6 30.8 ± 8.2 11.7 ± 3.8 
Tota l 75.0 72.5 91.5 41.0 
a Resul ts represent the mean of 4 experiments as % of total lipid ± 
SD. Fractions 17K, LG, mi tochondria, Fr Ill are as defined in Table 
II. 
b P hosphoglycerides are all phosphorus-containing lipids except 
sphingomyelin . 
TABLE IV. Acid hydrulases of subcellular fra ctions 
Relative specific activity ± SO" 
Acid phosphatase 
Arylsulfar.ase 
Galactosidase 
Galactosaminidase 
G Iucosidase 
G lucosaminidase 
Acid phospholipase A 
Sphingomyelina ·e 
LG 
7.1 ± 1.91' 
0.8 ± 0 
1.4 ± 0.2 
0.8 ± 0.1 
2.0 ± 0.4 h 
0.8 ± 0.4 
3.6 ± 1.3b 
4.0 ± 0.8" 
Mitochondria 
0.1 
0 
0 
0 
0 
NO 
2.6 ± 0.2b 
0.6 ± 0 
Fr III 
1.0 ± 0.7 
1.0 ± 0.8 
L1 ± 0.1 
0.9 ± 0.8 
0.8 ± 0.8 
0.9 ± 0.3 
1.6 ± .05b 
0.3 ± 0.2 
n Resul ts rep resent the mea n ± SO of 3 experiments and are ex-
pressed as the mean of the ratios of the specific activity of the enzym_e 
in each fraction/spec ilic activity in J 71< in each expenment. Expen -
ments were performed as per text using washed, repelleted subcellular 
fractions for enzy me assays and protein analysis. Abbrevwttons as tn 
Table II. 
b Denotes stat istica lly significa nt increases in relative specific activ-
ity ( p < .05 by Student's /-test). 
fract ion. Mitoc hondria differed markedly, consisting mainly of 
ste rols (30%) and phospholipids (60%). Fraction III, t he mixed 
fraction containing cornified cell fragments , had smaller 
amounts of phospholipids; moreover t he amoun t of gluc?s;yl-
ceramides and ceramides was greater relative to phospholipids 
t han in the LG fract ion . 
Enzyme:; 
A ll of t he enzymes we assayed were present bot h in the 17K 
pellet and the supernata nt fraction. T o assess specific locali -
zation of a n enzy me, we compared its spec ific activity in t he 
washed particulate fraction to t hat in 17K (Table IV). In t his 
conven tion, a ratio of activity in the fraction vs t hat of 17K 
greater t han 1.0 would suggest localization of t he enzyme to 
t hat fraction . Of t he 8 acid hydro lases, 4 showed greater specific 
activity in t he LG fraction t hm1 in 17K, including acid phos-
phatase, glucosidase, acid phospholipase A, and sphingomyeli-
TABLE V. Steroid sulfatase activity 
Subcellular fractions• 
17,000 g Supernatant 
17,000 g Pellet 
LG 
Mitochondria 
Fraction lii 
Percent activity• 
71 .6 
28.4 
0.3 
0.5 
5.3 
Relative speci fic 
activity'" 
ND 
1.0 
0.34 
0.23 
10.7 
" Fractions prepared as per text; abbreviations per Table II. Approx-
imately 1.0 g epidermis was used in this representative experiment. 
b Percent total activity found in each fractio n derived from 700 g 
supernatant. Assays conducted as per text with 45-150 1-'g protein in 
each of duplicate reaction vessels. Activity expres. ed as % of starti ng 
dpm in l"H]dehydroepiandrosterone co nverted to free steroid. 
c Relative specific activity calculated as in Table III; i.e., ratio of 
activity/mg protein in each fraction relative to that in 17,000 g pellet. 
nase. Of t hese 8 enzymes, only the phospholipase could be 
demonstrated in sign ificant quan tities in mitochondria, and 
acid phospholipase showed some localization as well in fraction 
III . Otherwise, no enzymes appeared to be specifically localized 
to t his mixed fraction . 
We also examined the fractions for presence of steroid su l-
fatase (Table V). Like all other enzymes it was present in bot h 
17K pellet and supernatant. It was not specifica lly localized in 
eit her LG or mitochondria but showed a 10-fold increase 111 
specific activity in fract ion III as compared to 17K. 
DISCUSSION 
We have recent ly demonstrated t he presence of t he glucosyl-
ceramides and of acylglucosylceramide typical of stratum cor-
neum in t he rat epidermal LG [13]. In t his report we confirm 
t he abundance of lipid and presence of a variety of acid hydro-
lases in t his fraction. Our data show t hat LG seem to be 
composed primarily of lipids wi th a low content of protein as 
would be expected if they are assembled from stacks of fl attened 
liposomes as has been suggested [16,17]. 
T aken together, the above findings provide t he fi rst direct 
biochemical evidence in support of t he hypothesis t hat stratum 
co rneum lipids derive from t he exocytosis of LG. Alt hough 
phospholipids a re markedly decreased in rodent stratum cor-
neum, their presence in LG is hardly surprising. LG are 
bounded by limiting membranes derived fro m t he Golgi appa-
ratus and t hus are likely to be rich in phospholipids. These 
limit ing membra nes a re probably retained in t he granular cell 
when t he granules fuse with plasma membranes for exocytosis 
of their lamellated contents. Moreover, other phospholipids 
contribut ing to t he stacked discs may be hydrolyzed after 
extrusion (see below). If one considers t he composit ion of t he 
LG lipids without phosphoglycerides, free sterols account for 
21%, glycolipids and ceramides for 31%, and sphingomyelin for 
12%; t hese proportions are close to those reported for rodent 
stratum corneum [3]. 
It should be noted t hat alt hough LG lipids a re very simi la r 
in distribut ion to t hose of t he crude 17K fraction, we recovered 
only 14% of 17K lipids in t he LG fraction. We believe t hat t his 
is in part due to presence of stratum corneum in 17K but as 
well to t he poor yield of LG after even mild processing. Our 
previous studies of the 17K fraction suggested it was greatly 
enriched in LG but was contaminated wit h mitochondri a and 
some remnants of cornified cells [23]. The procedure used for 
isolating LG removes these contaminants but apparently a lso 
causes significant losses of LG. 
These studies have a lso demonstrated concentrations of cer-
tain specific lysosomal type hydrolases in the LG fraction. In 
addit ion to acid phosphatase [12] we have now shown locali -
zation of glucosidase, acid phospholipase A, and sphingomye-
linase in t he LG fraction. On t he other hand, we fa iled to 
demonstrate preferential localization of other acid hydrolases 
such as a rylsulfatase and other glycosidases. We have not as 
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yet examined the presence of proteolytic e nzymes or glucuron -
idase. The latte r, at least, is n ot locali zed in t he starting 
fraction: l7K pellet [23). 
Arylsulfatase (pH 5.5) has been de monstrated in LG by 
ultrastructura l histochemica l techniques in mouse ep idermis 
[27]. In other studies, it could not be shown to be present 
[28] . Our failure to localize it in the G fraction must t herefore 
be viewed somewhat tentatively s ince it may be present in too 
few of the LG [27] to allow for bioc hemical localization in the 
presence of the enzyme in oth er organelles . 
However, it does not see m fortuitous t hat the enzymes we 
found were glucosidase and acid pbospholipases. It is likely 
that these enzymes serve specific funct ions with respect to the 
content of LG. Ce ramides are more abundant in re lation to 
glycolipids in stratum corneum than in granular cells of murine 
epidermis [3]. Simila rly, the relationsh ip between the glucosyl-
ceramides and ceramides of LG vs stratum corneum of rat 
epidermis has suggested t hat hydrol ys is of the former gives rise 
to the latter [13]. Such remodeling may be facilitated by the 
glucosidase and phospholipases that are probably extruded into 
the extracellular space together with the lipid-containing discs. 
How this correlates with barrier funct ion and desquamation 
remains to be determined. In this regard, a recent report that 
stratum corneum cell s fai l to reaggregate after treatment with 
a and (3 glucosidases may be of interest [ll]. 
No function has yet been ascribed to the acid phosphatase 
present in LG and readily demonstrable in t he extracellular 
spaces of stratum corneum laye rs . Since acid phosphatase is a 
characteristic enzyme of many lysosomal organelles, it is pos-
s ible that in t he case of LG it represents a nonfunctional marker 
of the lysomal origin of the granule. 
Finally, we were unable to demonstrate localization of steroid 
sulfatase activity among the hydrolases of LG although it was 
abundantly present in l7K supernatant and in fraction III 
which is enriched with stratum corneum membranes. These 
findings are con sisten t wit h published evidence t hat the enzyme 
is localized in microsoma l m embranes [29] and stratum cor-
neum (30]. Although apparent lack of activity does not exclude 
the possibili ty that the enzyme is packaged in LG in an inactive 
form and activated on ly after extrus ion, t he present findings 
do not shed any light on the mecha nism by which steroid 
sulfatase might find its way to the membrane regions of stratum 
corneum as has been reported [30). 
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